ABSTRACT: UDP-galactopyranose mutase (UGM) plays an essential role in galactofuranose biosynthesis in pathogens by catalyzing the conversion of UDPgalactopyranose to UDP-galactofuranose. Here we report the first crystal structure of a covalent intermediate in the UGM reaction. The 2.3 Å resolution structure reveals UDP bound in the active site and galactopyranose linked to the FAD through a covalent bond between the anomeric C of galactopyranose and N5 of the FAD. The structure confirms the role of the flavin as nucleophile and supports the hypothesis that the proton destined for O5 of galactofuranose is shuttled from N5 of the FAD via O4 of the FAD.
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Because Galf has never been found in animals, the inhibition of Galf biosynthesis is a potential drug design strategy.
Galf originates in the UGM reaction, which suggests that UGM is a good drug target. Indeed, UGM is an essential enzyme in Mycobacterium tuberculosis 2, 3 and a virulence factor in eukaryotic pathogens, including the fungus Aspergillus f umigatus (causative agent of aspergillosis) and the trypanosomal parasite Leishmania spp. 4, 5 Also, Galf-containing glycoconjugates are involved in the mechanism of myocardial damage by Trypanosoma cruzi, the causative agent of Chagas disease. 6 Furthermore, Galf has been identified in nematodes, 7−9 suggesting that UGMs from Brugia malayi (causing elephantiasis) and Onchocerca volvulus (river blindness) are potential targets. UGM also is important to basic science as the prototype of noncanonical flavoenzymes. Unlike traditional flavoenzymes, the redox state of the flavin in UGM is unchanged during the catalytic cycle. Rather, the FAD coenzyme in UGM functions as a nucleophile that attacks the anomeric C atom of the substrate (C1). This role requires that the flavin be in the reduced state for activity (Scheme 2a). The accepted mechanism begins with nucleophilic attack of the FAD N5 atom at the substrate C1 atom (Scheme 2b), generating a flavin−Galp intermediate with transient release of UDP (Scheme 2c). Subsequent proposed steps also involving flavin−sugar intermediates include proton transfers, opening of the Galp ring, and ring contraction to Galf (Scheme 2c−f). Finally, the sugar−UDP bond is re-formed to generate UDP-Galf (Scheme 2g,h).
Covalent flavin−sugar intermediates are distinguishing features of this unusual flavoenzyme mechanism, and much effort has been spent in seeking evidence of them. Landmark studies by Kiessling's group using borohydride trapping and tritium labeling of the substrate revealed the first evidence of the flavin−iminium intermediate (Scheme 2e). 10 Later studies by the same group confirmed the structural identity of this intermediate using nuclear magnetic resonance of the trapped species. 11 Since then, additional indirect evidence implicating flavin−sugar intermediates in the UGM reaction has been obtained. 8, 12, 13 However, despite more than a decade of research on the UGM reaction mechanism, direct structural evidence of a flavin−sugar adduct has remained elusive. Herein, we report the first crystal structure of a UGM having a covalent bond between the FAD and galactose.
The structure was determined using an active site mutant of A. f umigatus UGM (AfUGM) in which His63 is mutated to Ala (H63A). His63 is part of the conserved histidine loop, which has the sequence GGHVIF in AfUGM. All UGMs have Gly and His at positions 1 and 3 of the loop, respectively.
14 As described previously, the conformation of the His loop of AfUGM depends on the redox state of the flavin.
14 In the reduced (active) state, the carbonyl of Gly62 accepts a hydrogen bond from flavin N5, while the side chain of His63 forms a hydrogen bond with the 2′-OH of the FAD ribityl group. These protein− flavin interactions are thought be essential for maintaining the active conformation of UGM. 14−17 Consistent with the universal conservation of the eponymous residue of the histidine loop, the catalytic properties of H63A are highly perturbed. H63A lacks catalytic activity. Although the flavin in the mutant enzyme can be reduced by sodium dithionite, reduced H63A is highly susceptible to oxidation by O 2 compared to the wild-type (wt) enzyme ( Figure S1 ). Furthermore, reduction of the flavin in H63A by NADPH is very slow. The efficiency of NADPH reduction (k red /K D ) is 114 M −1 s −1 , compared to 120000 M −1 s −1 for wt AfUGM ( Figure  S2 ). These results are consistent with our previous study showing that this mutation in T. cruzi UGM (H62A) decreased k cat for the mutase reaction by >300-fold. 16 We serendipitously discovered that H63A could be used to capture a covalent FAD−Galp adduct in crystallo. Electron density maps from crystals of H63A that had been soaked simultaneously in sodium dithionite and UDP-Galp prior to being flash-cooled in liquid nitrogen surprisingly showed features consistent with covalent modification of the FAD at the N5 atom ( Figure 1A ). The soaking time and reagent concentrations were optimized to maximize the occupancy of the apparent intermediate, which required X-ray diffraction analysis of approximately 14 crystals. The structure reported here has a crystallographic resolution of 2.3 Å and was obtained from a crystal soaked for 2 h in 80 mM dithionite and 100 mM UDP-Galp prior to flash-cooling (Table S1) .
AfUGM crystallizes with a tetramer in the asymmetric unit, and the electron density in chain A provides the clearest depiction of a reaction intermediate. The map shows a strong feature indicating that the FAD is covalently modified at its N5 atom ( Figure 1A) . Also, strong electron density is present for UDP bound in the expected location ( Figure 1A) . The maps clearly indicated that the active site flaps are closed, which is expected when UDP is bound.
14 The electron density for UDP is disconnected from that of the covalent modification when viewed at a level of 1.0σ for the refined 2F o − F c map or >2.5σ for the simulated annealing F o − F c omit map ( Figure 1A) , indicating the presence of two distinct ligands rather than an intact sugar nucleotide. These electron density features could be satisfactorily interpreted as Galp bound to FAD through a Galp C1−FAD N5 bond plus a detached UDP, which corresponds to intermediate c or d in Scheme 2.
The FAD−Galp intermediate was refined using geometrical restraints obtained from quantum mechanics/molecular mechanics (QM/MM) calculations (Supporting Information). 19 The target Galp C1−FAD N5 bond distance was 1.547 Å. This bond refined to 1.6 Å, indicating that the crystallographic data are consistent with the QM/MM calculations. The average B factors of the FAD and Galp refined to 41.6 and 59.4 Å 2 , respectively, with fixed occupancies of 1.0 (Table S1 ). After refinement, the shortest distance between C1 of Galp and the O atoms of the UDP β-phosphate is 3.2 Å (Figure 1B) , which is obviously outside of covalent bonding distance and consistent with rupture of the glycosidic bond during soaking.
Electron density in chain B was also modeled as intermediate c/d, but the density is not as strong as in chain A ( Figure S3A ). In chains C and D, the density suggests a possible mixture of covalent adducts without bound UDP (see Model Building Methods in the Supporting Information and Figure S3B ,C). We thus focus the remaining discussion on the active site of chain A.
The trapped intermediate resembles the noncovalent complex of wt AfUGM with UDP-Galp (E−S complex), as one might expect for consecutive steps in a chemical mechanism. The conformation of UDP and its interactions with the enzyme are very similar to those of the E−S complex (Figure 2A ). The Galp of the intermediate likewise has a pose and protein environment similar to those in the E−S complex (Figure 2A) . The O2 and O3 hydroxyls of the covalently bound Galp form hydrogen bonds with Arg182. The Galp O3 and O4 hydroxyls contact the side chain of Phe66 (3.4 Å). The Galp O4 hydroxyl also forms a hydrogen bond with Asn207. The Galp O6 hydroxyl packs tightly between Trp315 (3.6 Å) and Arg327 (3.4 Å). All of these enzyme−sugar interactions are also seen in the E−S complex. The similarity of the H63A active structure to the genuine E−S complex implies that the species captured in crystallo is meaningful despite the use of a mutant enzyme.
A difference between the trapped intermediate and the E−S complex is that formation of the FAD N5−Galp C1 bond draws O5 of Galp 1.2 Å closer to the pyrimidine ring of the FAD isoalloxazine ( Figure 2B ). In the covalent intermediate, Galp O5 is 2.8 Å from FAD O4 (Figure 1 ), compared to 3.3 Å in the E−S complex. The close approach of Galp O5 and FAD O4 in the intermediate is consistent with a proposal from QM/ MM calculations 20 that FAD O4 accepts a proton from FAD N5 and donates it to Galp O5, facilitating ring opening and formation of the iminium ion (Scheme 2c−e).
Electron density for the histidine loop of the intermediate ( Figure 3A) suggests a conformation similar to that of the reduced wt enzyme, except for one important aspect ( Figure  3B ). In reduced wt AfUGM (ligand-free or complexed with UDP-Galp), the carbonyl of Gly62 accepts a hydrogen bond from flavin N5. Because N5 of the reduced FAD is an obligate hydrogen bond donor, the hydrogen bond with Gly62 is considered to be a key stabilizing interaction of the reduced enzyme.
14−17 Indeed, this hydrogen bond is found in other structures of reduced UGMs. In the H63A−Galp adduct, however, Gly62 is rotated by ∼90°from the expected orientation so that it is not within hydrogen bonding distance of N5. This rotation appears to be necessary to avoid steric clash with Galp O5. The rotation may also reflect a change in the hydrogen bond capacity of FAD N5 in going from intermediate c to intermediate d in Scheme 2. In the latter state, N5 cannot donate a hydrogen bond, which could induce rotation of the Gly62 carbonyl, an obligate acceptor, away from N5. The orientation of Gly62 perhaps suggests that the trapped species is intermediate d rather than intermediate c, although it is impossible to distinguish between these species solely on the basis of the electron density at this resolution. Finally, it is also possible that mutation of His63 causes the atypical orientation of Gly62, and it is this structural perturbation that allowed us to capture the intermediate in crystallo.
In conclusion, we have determined the first crystal structure of a covalent intermediate in the UGM reaction. To the best of our knowledge, it is the first structure of a substrate-derived covalent intermediate for any noncanonical flavoenzyme. The structure confirms the role of FAD N5 as a nucleophile and supports the hypothesis that the proton destined for O5 of Galf is transferred from FAD N5 via the FAD O4 carbonyl.
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